Abstract-Artificial magnetic conductors (AMCs) received a lot of attention for Antenna-on-Chip applications. Two different methodologies can be identified in the current research on AMCs for Antenna-on-Chip; the AMC is either fully constructed in the metal stack, or the lossy silicon substrate is included in the AMC design. In this paper, an equation is derived to calculate the fractional bandwidth (BW) of these two different methodologies. It is shown that for the upper region in the mm-wave spectrum, the acquired fractional BW, when constructing the AMC fully in the metal stack, seems promising. However, in the lower region of the mm-wave spectrum, the acquired fractional BW is rather poor and the lossy silicon substrate has to be included. The trade-off between acquired fractional BW and induced losses in the lossy silicon substrate is visualized as well.
I. INTRODUCTION
Artificial magnetic conductors (AMCs) are the focus of a lot of studies, mainly due to their in-phase reflection property. In [1] , AMCs are used to reduce mutual coupling between antenna elements in an antenna array. AMCs can also be used as a reflector, enabling low-profile antennas, as shown in [2] [3] [4] . The ability to create lowprofile antennas using AMCs has also received a lot of attention for Antenna-on-Chip (AoC) applications [5] [6] [7] [8] [9] . Roughly, two different methodologies can be identified in the current research on AMCs for AoC. On one hand, the AMC can be fully constructed in the metal stack (MS), and can therefore be used to shield the antenna from the lossy silicon substrate [5] . However, the limited thickness of the MS of a typical CMOS process can impose an issue in terms of the bandwidth (BW) of the AMC, especially for frequencies in the lower region of the mm-wave spectrum. On the other hand, to gain BW, the silicon substrate can be included in the design of the AMC, but the designer has to cope with additional losses. Examples of AMCs where the lossy silicon is part of the structure can be found in [6] [7] [8] [9] .
In this paper, the trade-off between the acquired fractional BW versus the induced losses in the AMC is examined. This assessment is done by investigating the two different methodologies for the most general representation of an AMC.
The outline of this paper is as follows. In Section II, the built-up of a typical IC using a CMOS process is discussed. In Section III, an equation to calculate the fractional BW of a lossless AMC is derived. In Section IV, this equation is used to calculate the fractional BW when an AMC is fully constructed in the MS using a typical CMOS process. Section V is in turn devoted to the calculation of the fractional BW of an AMC using the silicon substrate. Also the induced losses are considered. Here, the trade-off between the acquired BW and the induced losses is clearly visualized. In the analysis in Section III until Section V, only normally incident plane waves are considered. In Section VI, the analysis is extended to the use of oblique incident plane waves as well. Finally, in Section VII, conclusions and future work is presented. 
II. TYPICAL IC USING A CMOS PROCESS
In Fig. 1 , a cross-section of a typical IC using a CMOS process is shown. The MS consists of a few different metal layers, embedded in silicon dioxide. Theses metal layers can be used to create all kind of metal structures, and, hence, the AMC can be constructed by using one or more of these layers. Silicon dioxide has a relative permittivity of about εr = 4 and is assumed to be lossless. The state-of-the-art CMOS processes have a metal stack of around 10 μm. The metal in the top layer is often the thickest, so to reduce metal losses in the antenna, the antenna is usually placed in the top metal layer.
The MS is positioned on top of the silicon substrate. Silicon has a relative permittivity of about εr = 11.9 and a conductivity of about σ = 5 Sm −1 . Typically, the silicon substrate has a thickness of approximately 250 μm, but can, in principle, be ground down to several tens of micrometers.
III. BW OF A LOSSLESS AMC
Almost every AMC is essentially constructed by a grounded dielectric slab, covered with a periodic grid of metal structures. Different types of periodic grids can be found in literature. For instance, a periodic grid can be constructed by using a single layer of patches [4] , two layers of patches [10] or more sophisticated patterns such as Hilbert curves [11] . Examples of AMCs using these different types of periodic grids are shown in Fig. 2 . Each type of periodic grid has its own advantages and disadvantages. However, one property that all these different types of physical structures have in common, is that these grids are dominantly capacitive, and can therefore typically be represented in an equivalent circuit by a capacitor.
If the presence of the periodic grid is ignored, it can be identified that the grounded dielectric is essentially a transmission line (TL) terminated with a short, for normally incident plane waves. Therefore, for plane waves of normal incidence, a unit cell of an AMC can be represented by the equivalent circuit in Fig. 3 (a). In this section, the TL is assumed to be lossless.
The input impedance of the TL, thus without the parallel capacitor, can be calculated using
(1)
is the wave number in the dielectric, h represents the thickness of the dielectric and Z1 =
is the characteristic impedance of the dielectric. For small k1h, (i.e. h λ1), the small-angle approximation of the tangent function can be used. Therefore, (1) can be written as
It can be seen in (2) that the TL shows inductive behavior. This means that the TL in Fig. 3 (a) can be substituted for an equivalent inductance LTL = μ1h. The new equivalent circuit is illustrated in Fig. 3(b) .
The surface impedance Zs of the AMC, thus including the parallel capacitor, can now be calculated using
¡ Fig. 3 . Equivalent circuits of a unit cell of an AMC (a) in the MS, (b) in the MS using the small-angle approximation, and (c) using the silicon substrate.
For a plane wave, normally incident on the surface impedance Zs, the reflection coefficient can be found using
where Z0 is the characteristic impedance of the medium above the AMC. By inspecting (3) it can be seen that a certain resonance
can be found where Zs → ∞. If this condition is satisfied, it can be seen in (4) that Γ = +1. Therefore, the reflection phase Γ equals 0 o and the AMC behaves as a PMC for that particular frequency.
Typically, the BW of an AMC is defined from
o . The bandwidth of the LC circuit in Fig. 3 (b) can be calculated using
For a complete derivation of (5), the reader is referred to the appendix.
IV. BW OF AN AMC IN THE METAL STACK
In the previous section, an equation to calculate the fractional BW of an lossless AMC is found. Using the typical values mentioned in Section II, the fractional BW of an AMC constructed in the MS can be calculated using (5). In Fig. 4 , the results for the entire mm-wave spectrum are shown using the blue solid line.
To verify this way of modeling, a unit cell of an AMC has been simulated in CST. The periodic grid is modeled by using a perfect lumped capacitor and is placed on top of the MS. The results of the CST simulations are visualized in Fig. 4 by the red crosses. As one can see, the simulated CST results completely overlap the results of (5), justifying the chosen way of modeling.
As can be seen in Fig. 4 , the fractional BW for low frequencies is rather low, and therefore it seems almost impossible to design practically useful AMCs constructed in the MS for the frequencies in the lower region of the mm-wave spectrum. However, depending on the desired fractional BW, the usage of AMCs in the MS for frequencies in the central and upper region of the mm-wave spectrum seems possible. To calculate the results which are shown in Fig. 4 , Z0 is taken to be the characteristic impedance of free space. However, note that so far, no assumption is made on the value of Z0. It can be seen in (5), that the fractional BW increases for decreasing Z0. Therefore, the fractional BW can be increased by putting a dielectric with a high relative permittivity on top of the AMC.
V. BW OF AN AMC USING THE SILICON SUBSTRATE
As presented in the previous section, constructing an AMC in the MS for frequencies in the lower region of the mm-wave spectrum seems not very promising due to the limited fractional BW. As can be seen in (5), the fractional BW of a lossless AMC can be increased by increasing LTL. Increasing LTL yields increasing the length of the equivalent TL. One way of increasing this length, is to use the silicon substrate as equivalent TL. However, as mentioned in the introduction, the silicon substrate is lossy, which will be disadvantageous for the performance of the AMC. Equation (5) has been derived for a lossless AMC. Therefore, a new method has to be developed to calculate the fractional BW for a lossy AMC. Moreover, the impact of the losses versus the gain in fractional BW, as function of silicon substrate height for a fixed frequency, is examined in this section.
The periodic grid will once again be placed in the MS. In order to properly separate effects, the periodic grid is modeled as a lossless capacitor. However, the reader should bear in mind that for some types of physical periodic grids, fringe fields can couple in the lossy silicon and therefore the equivalent capacitors can be very lossy as well. Since the MS is small compared to the silicon substrate, the equivalent inductance added by the MS is ignored in this section. Therefore, the equivalent circuit model of a unit cell of an AMC with a lossy dielectric can be drawn as illustrated in Fig. 3(c) . The input impedance of a lossy TL, terminated with a short, can be expressed as
with γ1 the complex-valued propagation constant. In the case of normally incident plane waves in the silicon substrate, γ1 can be written as
Using the equivalent circuit in Fig. 3(c) , the input impedance can be calculated using
By combining (4), (6), (7) and (8), an expression for the reflection coefficient can be found. By following the same approach as presented in the appendix, an expression for the fractional BW for lossy AMCs can be found. However, this will give rise to an tedious expression, and will, therefore, be omitted here. Alternatively, the reader is encouraged to numerically calculate the fractional BW using the approach in the appendix.
In the case of a lossy AMC, the losses are also of high importance. Note that the absolute value of the reflection coefficient is a measure of the induced losses. The power that is not reflected by the AMC, is essentially dissipated in the lossy silicon substrate. Although that the induced loss for a fixed substrate height is, in general, a function of frequency, only the maximum loss (i.e., the minimum value of |Γ|) will be used as benchmark. This happens to be at resonance.
In Fig. 5 , results are shown for an AMC using the silicon substrate. Figure 5(a) and (b) show the fractional BW and minimum reflection coefficient, respectively, as function of silicon substrate height for a resonance frequency of 30 GHz. As can be seen in Fig. 5(a) , the fractional BW increases linearly with respect to substrate height. By increasing the substrate height, the equivalent inductance of the TL increases, and therefore the fractional BW increases as well. On the other hand, increasing the substrate height also gives rise to a lower reflection coefficient, hence, higher induced losses, as can be seen in Fig. 5(b) .
The same calculation is done for a resonance frequency of 60 GHz and the results are shown in 5(c) and (d). It can be seen that, the fractional BW for 60 GHz is approximately doubled compared to 30 GHz. However, around 250 μm, the fractional BW of 60 GHz stops following a linear line. Another interesting fact to point out is that the absolute value of the reflection coefficient for 30 GHz and 60 GHz approximately follow the same trend. For 60 GHz, however, slightly more losses are induced in the silicon substrate. Fig. 5 , clearly visualizes a trade-off. By using the silicon substrate to increase the fractional BW, also the losses will increase.
To verify this way of modeling, a unit cell of an AMC has been simulated in CST. The periodic grid is modeled by using a perfect lumped capacitor and is placed on top of the silicon substrate. The results of the CST simulations are visualized in Fig. 5 by the red crosses. As one can see, the simulated CST results completely overlap the results of combining (4), (6), (7) and (8) , justifying the chosen way of modeling.
VI. NOTES ON PLANE WAVES OF OBLIQUE INCIDENCE
In the previous sections, only normally incident plane waves are assumed. If oblique incident waves are taken into account, both the TE and TM polarization have to be considered. In this case, (4) changes to
In general, Zs is a function of the angle of incidence θ and polarization [12] . On the other hand, a lot of effort has been done to design AMCs where the surface impedance Zs is not dependent on the polarization and angle of incidence [13, 14] . If it is assumed that Zs is constant with respect to θ and the polarization, it can be seen that the reflection coefficient, and therefore also the fractional BW, changes for different angles of incidence and different polarizations.
Since in the derivation of (5), no assumption is made on the choice of Z0, it is valid to simply substitute Z0 for TE and TM polarization, respectively. Therefore, (5) can be written as
In (11), it can be observed that, in general, the fractional BW decreases for increasing angle of incidence θ for TE polarized waves. On the other hand, it can be observed in (12) that, for TM polarized waves, the fractional BW increases for increasing angle of incidence θ. This inherent property of AMCs can be used to the designer's advantage if, for instance, an AMC has to be designed for either TE or TM polarized plane waves only.
VII. CONCLUSION AND FUTURE WORK
In this paper, an assessment on the fractional BW of two different approaches of designing AMCs for AoC applications is presented. It is shown that for the upper region in the mm-wave spectrum, the acquired fractional BW, when constructing the AMC fully in the MS, seems promising. However, in the lower region of mm-wave spectrum, the acquired fractional BW is rather poor and the lossy silicon substrate has to be included. In this case, the designer has to make a trade-off between acquired fractional BW and induced losses.
In this analysis, the periodic grid is approximated by a lossless capacitor. However, in reality, metal losses will be induced in the periodic grid. Next to that, fringe fields can couple in the lossy silicon, causing extra dielectric losses. To improve this analysis, the physical structure of the periodic grid has to be taken into account. Moreover, the effect of oblique incident plane waves on the surface impedance Zs of the AMC has to be studied better. Finally, it is assumed that plane waves are incident on the AMC. However, in practice, the AMC will be most likely positioned in the near-field of the antenna. Therefore, to complete this analysis, near-field effects have to be taken into account.
APPENDIX
The equivalent surface impedance of the parallel LC circuit visualized in Fig. 3(b) can be written as
If a plane wave is normally incident on a structure having surface impedance Zs, the reflection coefficient can be calculated using
Γ =
Zs − Z0 Zs + Z0 = Z0(ω 2 LC − 1) + jωL
with A = Z0(ω 2 LC − 1) and Z0 being the characteristic impedance of the medium directly above the surface. The angle of the reflection coefficient can be expressed as 
By realizing that only positive solutions of (17) are of interest, the bandwidth and the fractional bandwidth can be calculated using
